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Abstract. We report on the combined X-ray and ra-
dio observations of the type Ic SN2002ap, using XMM-
Newton TOO observation of M74 and the Giant Meter-
wave Radio Telescope (GMRT). We account for the pres-
ence of a nearby source in the pre-supernova Chandra eld
of view in our measurements of the X-ray flux (0.3 - 10
KeV) 5.2 days after the explosion. The X-ray spectrum
is well tted by a power law spectrum with photon index
 = 2:6. Our results suggest that the prompt X-ray emis-
sion probably originates from inverse Compton scattering
of photospheric thermal emission by energetic electrons.
Radio observations with the GMRT at 610 MHz (8 days
after the explosion) and 1420 MHz (70 days after the ex-
plosion) are combined with the high frequency VLA ob-
servations of SN2002ap reported by Berger et al., 2002,
to determine the radius of the radio photosphere. The
early radiospheric properties of SN2002ap is compared
with similar data from two other supernovae. Finally, the
GMRT radio map reveals four other X-ray sources in the
eld of view of M74 with radio counterparts.
Key words: Supernovae:individual:SN2002ap; Super-
novae: general; Radiation mechanisms: non-thermal; cir-
cumstellar matter
1. Introduction
Supernovae are known to be explosions of massive and
intermediate mass stars, although the nature of the pro-
genitor star for dierent supernova types, remains an area
of long-standing research. Currently, it is believed that
type II and type Ib or Ic supernovae arise from core col-
lapse of massive stars, while the more homogeneous type
Ia supernovae are the results of thermonuclear explosions.
There is a considerable variety among the core collapse
? Based on observations made with XMM-Newton Observa-
tory and the Giant Metre Wave Radio Telescope
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supernovae spectroscopically and in their kinetic energy.
The ‘hypernova’ class among these are believed to have
explosion energy signicantly in excess of 1051erg, found
in "normal" supernovae. The quintessential example of a
hypernova is SN1998bw (a type Ic event), which has also
been linked to GRB980425, one of the many enigmatic
gamma ray burst (GRB) sources.
Interest in the type Ib/Ic supernovae has been intense
at least partly because of (a) the possible connection of
type Ic supernovae with the GRBs and (b) because the
progenitors of type Ib/Ic supernovae are thought to be
stars with compact Helium or carbon/oxygen cores, which
might make them an ideal site for observational signa-
tures of the central engines of the long duration GRBs
(MacFadyen et al. , 2001; Meszaros et al. , 1993).
During a supernova explosion the interaction of the
outer parts of the stellar ejecta with the circumstel-
lar matter gives rise to a high energy density shell. X-
ray emission is expected from both shocked circumstel-
lar matter and the shocked supernova matter (see e.g.
Chevalier et al., 1982, Chevalier et al., 2001). In addition,
the interaction region may also accelerate electrons to rel-
ativistic energies and amplify pre-existing magnetic elds.
Radio emission with a steep spectrum and very high
brightness temperature has been seen in many supernovae.
A steep spectral index suggests that the intrinsic emis-
sion from radio supernova is non-thermal and probably
synchrotron in origin. The radio and the X-ray emission
give information on a region of the supernova which may
be far removed from the optical photosphere (which has
a smaller radius), although the conditions in the optical
photosphere may determine the X-ray emission charac-
teristics in some instances. In general, X-ray and Radio
observations in early stages of a supernova can be used to
determine (1) the total mass lost from the pre-supernova
star before explosion and (2) constrain various physical
processes leading to X-ray and radio emission.
The type Ic SN2002ap was discovered on Jan. 29.4,
2002 (Y. Hirose as reported by Nakano et al. , 2002 )
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in NGC628 (M74), at a distance of only 7:3 Mpc.
This is one of the closest SNe of our times and it
provides a unique opportunity to study type Ic SNe
in great detail. Based on spectral analysis of the
early observations, the epoch of explosion was esti-
mated at Jan. 28:0  0:5 2002UT (Mazzali et al., 2002
). For the purpose of the analysis presented in this
paper, we will regard Jan. 28:0 as the date of explo-
sion. The broad spectral features (Kinugasa et al., 2002,
Meikle et al., 2002, Gal-Yam et al., 2002), and also and a
subsequent modelling of its spectroscopic and photomet-
ric data (Mazzali et al., 2002), suggested that this was an
energetic event with explosion energy E ’ 4 − 10  1051
ergs. The supernova was also observed in the X-ray (0.1-
15 keV) band by the EPIC CCDs and in the UVW1 band
by the Optical Monitor on board XMM-Newton on Febru-
ary 2, 2002 (Pascual et al., 2002, Soria and Kong, 2002).
In section 2 we present detailed spectral analysis of the
data from EPIC-CCDs, accounting for the presence of a
nearby object in the pre-supernova X-ray eld which had
been observed earlier by the Chandra mission (see sec.
2.1). The derived models are used to constrain the vari-
ous mechanisms of X-ray generation in the supernova high
energy-density shell.
VLA observations of early radio emission from
SN2002ap in the high frequency (1.43, 4.86, 8.46 and 22.5
GHz) bands have been reported by Berger et al., 2002.
Using the Giant Meterwave Radio Telescope (GMRT), we
observed SN2002ap on Feb 5, 2002 in the 610 MHz band,
and again on Apr. 8, 2002 in the 1420 MHz band. In sec. 3
, we present our low frequency radio observations. In sec 4,
we use the X-ray and radio observations to determine the
implications of the wavelength dependent radio turn on,
rst seen at short wavelengths and later at longer wave-
lengths, in relation to the decreasing absorption via either
free free absorption (FFA) or synchrotron self-absorption
(SSA). These in turn are used to determine the location of
the radio photosphere and the ambient magnetised plasma
conditions.
When analysing the early high energy and radio ob-
servations of SN2002ap, we have used the framework of
a spherically symmetric model. We note however, that
Wang et al., 2002 have obtained spectropolarimetric data
spanning nearly a month, starting 9 days prior to the V
band maximum. They have interpreted the polarization
evolution in terms of a bipolar flow from the core that is
stopped within outer envelope of the carbon/oxygen core.
Not only is there an asymmetric velocity flow and den-
sity distribution of the ejecta, but there is even a complex
evolution of the dominant symmetry axis. However, these
eects are likely to be minimal on 2002 Feb. 2, when the
XMM observation was carried out, since Wang et al., 2002
report that the maximum degree of continuum polariza-
tion is nearly zero on 2002 Feb 3, implying little distortion
of the photosphere.
In sec. 5 we summarize explosion parameters that we
derived from the optical observations and modelling re-
ported by Mazzali et al., 2002, as this is used as input for
later sections. We have also combined the GMRT data
with the VLA data (Berger et al., 2002) to derive condi-
tions near the radiosphere. A combined analysis of the
early X-ray and radio observations is presented in sec-
tion 6, which attempts to constrain the multiple physical
processes (thermal and non-thermal) that are responsible
for the early X-ray emission. We also compare SN2002ap
with 2 other SNe (1998bw (Ic) and 1993J (IIb) for which
early multi frequency data is available. Finally, in section
7 we discuss these results in the context of the presuper-
nova star and its evolution, especially in view of the non-
detection of the progenitor star in the archival optical and
infrared observations (Smartt et al., 2002).
2. X-ray observations and data analysis.
SN2002ap and its host galaxy M 74 (NGC628) were ob-
served by XMM-Newton, four days after the discovery
of the SN. Pascual et al., 2002 and Soria and Kong, 2002
have reported the EPIC-PN detection of the supernova,
as well as several other sources in the host galaxy. Here
we present a spectral analysis of the XMM-Newton EPIC-
PN and -MOS CCD detection, taking into account con-
tributions from other pre-existing sources present in the
extraction circle, near the supernova.
XMM-Newton observed the eld of view of SN2002ap
in the full-frame, thin lter mode, for the EPIC-pn and the
two EPIC-MOS cameras. Simultaneously, it also observed
M 74 with the Optical Monitor in the UVW1. The full
exposure in the EPIC CCDs was  34 ks between Feb
3.00 to 3.40, 2002 UT. Since Chandra X-ray observatory
also observed the same eld on June 19, 2001 and October
19, 2001 for a total of 47 ks, we present our analysis, based
on both the presupernova and post-supernova exposures.
Early analysis of the XMM-TOO observations of
SN2002ap showed that the supernova is rather faint in
X-rays with a flux of  10−14 ergs cm−2 s−1. Because the
psf of the XMM EPIC-CCDs is rather large ( 5000 to
enclose 90% of the energy at 10 keV), it was necessary
to verify the absence of, or to account for the presence
of any other sources, however faint, within the spectral
extraction region on the EPIC CCDs.
2.1. Chandra observations of the presupernova field:
In order to check if there were any other sources present
in the vicinity of the optical position of SN2002ap (RA
= 01h36m23:s85, DEC = +1545013:002), we examined the
archival Chandra observations of M74, carried out on 19th
Oct. 2001. In the net 46.2 ksec of exposure time with
Chandra-ACIS, we did not see any source at the position
of the supernova. However, we did nd a bright source at
RA 01h36m23:s404 and DEC +1544059:0089, which, being
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only 14.9 00 away from the SNe, was well within the region
of XMM spectral extraction. Comparing the positions of
bright, point-like sources seen in both the Chandra and
XMM elds of view, we found that the relative astromet-
ric shift Chandra and XMM is atmost  500 . Thus, this
object would have been detected within the 4000 circle used
to extract the XMM-EPIC spectra. Below, we present a
brief spectral analysis for this source.
We used level-2 pipeline processed Chandra data, since
a check on the calibration les used in the archived level-
2 processed data showed that no improvement would be
made by re-calibrating the data. The spectrum was ex-
tracted using the CIAO software for analysis of Chandra
data, and the spectral analysis was carried out using the
SHERPA software. The source was located on ACIS-S6
chip, and a light curve was extracted from a source free
region of the ACIS-S6 chip to check that the observation
was not contaminated by background flares. We also ex-
tracted a light curve for the source, to check for flaring,
or any periodic variation, but the object is too faint for
any such variability to be noted. Since no sources are seen
within 1000 of this object, we used a region of radius 600
to extract the spectrum. As a measure of the PSF at the
source location, a radial region of ’ 1:500 would enclose
50% of the energy at 1.49 keV.
The source is very faint, and the higher energy (E 
9 keV) spectrum is seen to be strongly dominated by
the background { possibly due to high energy particles,
rather than X-ray events. Because of the problems asso-
ciated with accurately modelling the high energy com-
ponent of the background spectra, we used background
subtracted data and restricted our analysis to the energy
range 0:3 − 10:0 keV. The background subtracted count
rate in this energy band is 6:5(2:4)  10−4 s−1. Fixing
the column density at 0:4891021 cm2, and using the 2-
Gehrels statistic, we found that the source was well tted
by a power-law spectrum with a photon index 0:6+0:6−0:35,
implying a 0.3-10.0 keV flux of 1:310−14 ergs cm−2 s−1.
The 2 goodness-of-t parameter was Q = 0:899, where
Q measures the probability of obtaining the observed (or
larger) value of 2, if the data was well represented by the
tted parameters. For an ideal t, Q = 1.
2.2. XMM-Newton observations of SN2002ap field:
SN2002ap was observed by the XMM instruments from
Feb. 2.025 to Feb. 2.42 UTC, 2002 (estimated 5 days
after the explosion), for a duration of 37.4 ksec. Both
EPIC-MOS and EPIC-PN observations were carried out
in the ’Thin1’ lter mode. The data was pipeline processed
and calibrated using the XMM-Science Analysis Software
(SAS) version 5.2, and the latest available versions of the
calibration les. The events in the EPIC-MOS1, EPIC-
MOS2 and EPIC-PN data sets were ltered using the
SAS-xmmselect task, using the appropriate flags and event
selection criteria to account for event pile-up. We followed
the analysis procedure recommended in \Users Guide to
the XMM-Newton Science Analysis System" (2001)), with
the exception of allowing patterns 4 in the case of EPIC-
PN, to account for any pile-up, however negligible it may
be. A time series analysis of the entire EPIC-PN, MOS1
and MOS2 data, shows that there are times of large, ran-
dom fluctuation over the entire eld of view of both EPIC-
PN and MOS CCDs. Filtering out these intervals of highly
fluctuating background reduced the exposure time to 25.5
ks in EPIC-PN and  30 ks in each of EPIC-MOS1 and
MOS2.
SN 2002ap was identied on the EPIC-CCDs using
the optical coordinates (RA = 01h36m23:s85, DEC =
+1545013:002). The EPIC-PN spectra was extracted us-
ing a circle of radius 4000 , within which almost 80% of the
source photons in the energy range 10:5− 1:5 keV would
be enclosed, with the extraction region remaining on a sin-
gle CCD chip. The EPIC-MOS1 and EPIC-MOS2 spectra
were extracted using a psf of radius 5000 , which encloses
90% of the total energy. The response matrices and ancil-
lary response les were generated using the SAS-rmfgen
and SAS-arfgen tasks, and the appropriate line number for
the PN-CCD. The data was grouped and analysed using
the XSPEC software.
2.3. Results of X-ray observations
The 0.3-12 keV, background subtracted, count rate in
XMM EPIC-PN is 6:6(1:0) 10−3. In the same energy
range, the EPIC-MOS1 count rate is 1:69(0:64) 10−3
s−1 and the EPIC-MOS2 count rate is 1:7(0:64) 10−3
s−1.
In order to account for the presence of the Chandra
source discussed above in the XMM spectral extraction
region, all models tted to the data had an additive ab-
sorbed power-law component, with parameters derived
from ts to the Chandra data, as discussed above. Since
the SNe is very faint, and the spectra rather sparse (g 1),
we kept NH = 0:0489 1022 cm−2 as constant for all ts.
In general, we found that letting NH vary can often result
in UN-physically low values of NH  10−16 cm−2, while
providing little improvement in the value of reduced 2.
In table 1, we have quoted the parameters from the best
tted models in our analysis { the 0.3-10 keV flux quoted
there is corrected for the presence of the Chandra source.
Our data is best t by a thermal bremsstrahlung model
(see g 1), with temperature kT  0:8 keV although a
power-law distribution also gives a similar t. The 0.3-
10 keV flux from SN2002ap is then 8:011:7−1:0  10−15 ergs
cm−2 s−1. Adding an extra power-law, or a cuto power-
law component to the bremsstrahlung, Raymond-Smith or
blackbody models did not improve the t, and resulted in
poorly constrained values of temperatures with an unusu-
ally high photon index   9:0, and hence these models
were discarded.
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Table 1. Best t spectral parameters for EPIC-PN. kT represents the plasma temperature or the black body temperature,
depending on the model. All uncertainties are quoted in 90% condence limit. NH was constant for all ts. The absorbed flux
for SN2002ap is quoted here.




cm−2 keV cm−2 s−1
Power-law 0.489 2:6+0.8−0.6 { 1:3=20 1.3
0.421 2:5+0.6−0.5 { 1:2=20 1.0
Thermal 0.489 { 0:85+0.91−0.38 1:2=20 0.81
Bremms.
Raymond- 0.489 { 2:31+1.9−0.8 1:58=20 1.04
Smith
Blackbody 0.489 { 0:21+0.09−.06 1:4=20 0.6
Because of the low count rate in EPIC-MOS CCDs, it
was decided to t to the combined MOS1 and MOS2 data,
allowing only the relative normalisations to vary. As dis-
cussed for EPIC-PN data, each model incorporates an ab-
sorbed power-law component to account for the Chandra
source. Thus, the data was best tted by an absorbed ther-
mal bremsstrahlung, with 2=d:o:f: = 0:95=19 and tem-
perature kT = 0:41:275−0:217. The 0.3-10 keV flux (corrected
for the presence of the Chandra object) was 7:1  10−15
ergs cm−2 s−1.
SN 2002ap was too faint to be detected by either of
the RGS detectors.
2.4. The Optical Monitor observation.
The XMM-Newton Optical Monitor observed SN2002ap
in the 4-frame (ENG-2) mode with UVW1 lter for a
duration of 2.5 ks. The frames were combined and the
data was pipeline processed using SAS version 5.3 with
the latest available calibration les. A source list was
compiled. We nd that the optical monitor count rate
for SN2002ap was 14:67(0:08) s−1, with the background
count rate being 0:8 s−1. This corresponds to a UVW1
flux of 7:667(0:002) 10−15 erg cm−2 s−1 A−1.
3. GMRT observations of SN2002ap and data
analysis
The radio observations of SN2002ap were made with the
Giant Meter Radio Telescope in aperture synthesis mode
on 2002 February 5.56 in the 610 MHz band and on 2002
April 8.22 in the 1420 MHz band. The GMRT consists of
30 antennas, each of diameter 45m. 14 out of the 30 an-
tennas of GMRT are located randomly within a region of
1 square km and is called the central square. The remain-
ing 16 antennas are arm antennas distributed in eastern,
western and southern arms over a region of about 25 km.
These arm antennas form a Y-shape. This conguration
provides necessary UV coverage for both compact and ex-
tended sources.
For both the observations at 610 as well as 1420 MHz,
the pointing centre was chosen to be the position of su-
pernova i.e. RA= 01h36m23:s85 and Dec= 1545013:002. In
610 MHz observations the time on source were around 2
hours and 3C48 was used as flux calibrator as well as phase
calibrator. It was also used as bandpass calibrator. 3C48
was observed for approximately 10 minutes after every 30
minutes. 3C48 flux at 610 MHz was derived from the best
t spectra given in VLA calibrator manual. Out of a total
of 30 antennas, we had 22 good antennas. The full band
of 16MHz was used, resulting in 128 frequency channels
of width  125 KHz. For the observations in 1420 MHz
band, the number of antennas used were 24. The time on
the source was  3.5 hours. 3C48 was used as a flux cali-
brator and it was observed at the beginning and at the end
of the observations. The flux of 3C48 was assumed to be
16.15 Jy from VLA calibrator manual. Compact sources
0119+321 and 0238+166 were used as the phase calibrator
with fluxes 2.6 Jy and 1.26 Jy respectively. 3C48 was also
used as a bandpass calibrator. The full band of 16MHz
resulting in 128 channels of width  125 KHz was used.
3.1. Data reduction, calibration and results
The data was analysed using AIPS (Astronomical Image
Processing Software) of National Radio Astronomy Ob-
servatory using standard procedures. Interference in some
of the frequency channels, spikes and dropouts due to
electronics etc. were flagged using the AIPS task FLGIT.
FLGIT was run on the calibrator scans and 10 times the
expected noise per channel was used as the flagging crite-
rion. In this manner 15% of the data was flagged. One
clean channel was looked at and antenna and baseline
based flagging was done. Approximately 20% data was
lost in the flagging process. After computing the single
channel antenna-based complex gains for the flux calibra-
tor and phase calibrator with the time resolution of 20
seconds, bandpass calibration was done using 3C48 to ap-
ply the single channel calibration to all the channels. To
get rid of the eect of the band smearing at low frequency
(610MHz), a pseudo-continuum data base of 6 frequency
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channels was made from the central 100 channels of 16
MHz bandwidth. Field maps were made by Fourier trans-
formation and cleaning. Iterative self-calibration rounds
were run for phase correction.
In neither of the observations carried out on 2002
February 5 (day 8.56) and on 2002 April 8 (day 42),
SN2002ap was detected by GMRT. The upper limits of
the fluxes from the region of the SN are given in Table
3. These results are combined by higher frequency obser-
vations of SN2002ap from the VLA and with the X-ray
detection of the SN with the XMM-Newton below.
4. X-ray and radio observations combined
We have combined the GMRT 610 MHz radio contour map
of the region around SN2002ap and its host galaxy M74
with the X-ray EPIC-PN CCD image (see Fig. 2). The po-
sition of the XMM detected SN is shown with a cross. The
pixel size in the overlay was chosen as 4:3500 per pixel in
both x and y. Both X-ray and radio images are convolved
with Gaussians of FWHM 1500  1500 . 1500 resolution was
used for Radio image to bring out the extended emission
features from the parent galaxy more clearly.
The supernova is 25800 W and 10800 S away from
the galactic centre region, which shows several point X-
ray sources as well as radio contours of extended sources,
likely to be associated with the spiral arms of the galaxy.
We nd four sources which have both radio and X-ray
counterparts. These are listed in Table 4 with their radio
flux densities and X-ray 0.3-10.0 keV count rates. Spectral
analysis of these sources is being undertaken separately.
In Fig. 3, we have plotted as a function of frequency,
the upper limit on the 610 MHz flux (GMRT observation
on 2002 Feb 5.56), along with the 8.46 GHz, 4.86 GHz and
1.4 GHz flux, obtained from VLA observations on Feb
5.96, 2002 (Berger et al., 2002 ). The data was tted to
the SSA model, with spectral index = -0.8 in the optically
thin limit (Fig. 3). Table 5 gives the best t parameters.
As already mentioned, we used the framework of spherical
symmetry to perform the above analysis. This may have
been a reasonable assumption on the day of the XMM ob-
servation and shortly afterwards, since the spectropolari-
metric data of Wang et al., 2002 implied there was little
distortion of the photosphere on 2002 February 3.
These parameters are close to the equipartition radius
and eld determined by Berger et al., 2002 which gives the
minimum energy density in the combined magnetic and
relativistic particle energy densities (in equal proportions).
The model prediction at 610 MHz band is below the upper
limit found from our GMRT observation.
Shklovsky, 1985 pointed out that the early radio enmis-
sion from a supernova may come from an envelope that is
expanding at a substantially higher speed than the optical
photosphere. If it were not so, then it might a) strongly
increase the total energy of the magnetised plasma respon-
sible for the radio emission (Kulkarni et al., 1998) and b)
lead to a rapid depletion of the energetic electrons due to
Compton losses (Slysh, 1990). This and the similar anal-
ysis by Slysh, 1990 was based on about half a dozen su-
pernovae which were older than typically a month. It was
only at early times during the explosion that the eect
of Compton boosting by electrons to high energy bands
producing nonthermal spectrum is potentially observable
and Compton cooling is the dominant cooling process for
the shocked CSM and ejecta early on. At such early times
radio spectra of supernovae are relatively rare. We have
tted (Fig. 4) the radio spectra obtained from three su-
pernovae: SN1993J (a type IIb SN) on day 11.45 (see
Fig. 1 of ?), SN1998bw (a type Ic SN) (see Fig. 2a of
Kulkarni et al., 1998) on day 11.7 and SN2002ap (another
type Ic SN) on day 11.0 (Berger et al., 2002. Best t pa-
rameter values for SSA model were obtained by using a
2 t. While SN1993J and SN1998bw were much brighter
at their peaks compared to SN2002ap, the synchrotron
self-absorption peak for SN2002ap seems to occur at the
lowest frequency among all three. Best t parameters val-
ues are listed in table 6. Although polarimetry shows that
SN1998bw and SN2002ap were asymmetric, their early be-
haviour gleaned on the basis of spherical symmetry may
still be relevant due the emergence of bipolar flow or asym-
metry only at a later date. The equipartition (angular)
radius was obtained by Slysh, 1963 from an extension of








appears to be the largest for SN1998bw (112as) while
those for SN1993J and SN2002ap are comparable (18 and
39 as respectively). Hence SN1998bw which was not only
coincident with a GRB source but also very bright in the
radio was rapidly expanding. It was unusual compared to
the more ordinary SN like SN2002ap (despite both su-
pernova’s identical type classication), { the latter hav-
ing similarity with SN1993J in terms of equipartition size,
across type classication.
5. Conditions at optical photosphere at the time
of XMM observation
SN2002ap was discovered on 2002 January 29.4 UT at
V=14.5, but it was not detected in an earlier observa-
tion on January 25. The supernova is notable, not only
being one of the closest in recent times, but also among
the earliest detections of any supernova. Its close com-
petitors according to both criteria were: SN1993J and
SN1987A. By using the photometric data reported by
many groups and especially the early spectroscopic re-
sults, Mazzali et al., 2002 obtained the date of explosion
as near January 28, 2002.
Mazzali et al.,2002 constructed the bolometric light
curve of the SN2002ap and tested synthetic light curve
models based on kinetic energy and mass of the ejecta and
its opacity. The model appropriate to the observed light
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Table 2. Results of GMRT Observations for Flux and Phase Calibrators
Source Date of RA Dec. Frequency Flux
Observation J2000 J2000 MHz (Jy)
3C48 5 Feb,2002 01 37 41.3 33 09 35.1 610 29.42
3C48 8 Apr,2002 01 37 41.3 33 09 35.1 1420 16.15
0119+321 8 Apr,2002 01 19 35.0 32 10 50.0 1420 2.86
0238+166 8 Apr,2002 02 38 38.9 16 36 59.3 1420 0.96
Table 3. Results of GMRT observations of SN2002ap
Source Date of Frequency Resolution 2 Flux RMS
Observn. (MHz) (arcsec) mJy mJy/beam
SN2002ap 5Feb,2002 610 9.5 x 6 < 0:34 0.17
SN2002ap 8Apr,2002 1420 8 x 3 < 0:18 0.09
Table 4. List of X-ray sources with radio counterparts in M74.
Source RA Dec. Radio Flux EPIC-PN
Number count-rate
J2000 J2000 (mJy) 10−3 cts s−1
1 01 36 47.2 15 47 45 7:1(1:3) 4:3(1:3)
2 01 36 46.1 15 41 17 12:8(1:5) 3:9(1:3)
3 01 36 24.9 15 48 58 22:7(1:5) 1:9(1:3)
4 01 36 30.5 15 45 17 4:5(1:3) 4:6(1:3)
curve had Mej = 2:4M and E51 = 4. The bolometric cor-
rections used to convert the the visual magnitudes range
between 0.5 to 0.3 according to these authors. On day 5,
i.e. 2002 February 2, the bolometric magnitude was given
as -16.5, while visual magnitude on that day was -17.1.
The eective temperature and radius of the photosphere
on this day corresponding to the maximum bolometric
correction (Allen, 1976) are reported in table 7.
The earliest spectrum of Meikle et al., 2002, implied
that there was sucient material at v  30; 000kms−1
and the photospheric velocity vph = 30; 000kms−1. The
next reported velocity on day 3.5 was vph = 20; 500kms−1.
While the photospheric velocity continued to decline with
time, the rate of decrease became smaller as the light curve
approached the peak at t = 10d. In contrast, the radio
photosphere on day 7 has been derived as r = 4:51015cm,
having a velocity of 90; 000kms−1 by Berger et al., 2002
and scaled to day 5 it may have been at about 3:21015cm.
Thus, the radio photosphere is quite far outside the optical
photosphere, and since the electrons are responsible for
both radio and (non-thermal) X-ray emission, the region
of production of the X-rays is also well outside the optical
photosphere radius.
6. Radio & X-ray switch-ons of the SN & mass
loss from the progenitor
The fact that both radio and X-ray emission were seen so
soon after the explosion, limits the amount of matter in
the line of sight and therefore the mass loss rate from the
presupernova star, if the terminal wind speed of the pro-
genitor star is known or estimated. Leonard et al., 2002
detected narrow emission lines of [O I]  6300, 6364 and
Mg I]  4571 superimposed on broad lines in the optical
spectra and suggested that these are due to the presence
of a circumstellar wind from the progenitor star with a
wind speed of 580 kms−1. The density of the circumstel-
lar medium, is related to the mass loss parameters as:
cs = _M=4uwr2 The gas overlying the region of radia-
tive emission itself would be a source of opacity which
absorbs the radio and X-ray radiation. Assuming that the
dominant opacity source for radio radiation is the free-free
opacity from fully ionised wind, the optical depth at radio
frequency  at time t7 = t=107s is (Chevalier et al., 1982):








where _M−5 is the mass loss rate in units of 10−5M,
uw1 is the velocity of the presupernova wind (in units
of 101kms−1) and u4 is the maximum ejecta speed in
104kms−1. Since radio detection of SN2002ap in the 1.4
GHz band was made on 2002 February 1.93, i.e. on day
5 by Berger et al., 2002 (who also estimate the average
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Table 5. Best Fit parameters of SSA for SN2002ap on day 8.96 i.e. Feb 5.96, 2002
 p Fp Rr B
GHz  Jy cm. G
0.8 2.45 397 3:5 1015 0.29
Table 6. SN1993J, SN1998bw and SN2002ap best t parameters of SSA on day 11
.
SNe p Fp eq Ueq B0 R0
GHz mJy  as ergs G cm
2002ap 2.45 0.48 39.0 6.9 1044 0.47 4.80 1015
1998bw 5.5 50.4 112.4 3.5 1048 0.23 6.84 1016
1993J 30.5 22.3 17.6 5.0 1044 3.54 1.08 1015
Table 7. Optical Photosphere of SN2002ap on day 5 (Feb2, 2002)
Mv Mbol Teff Ropt vph FUV OIR
K cm. km/s ergcm−2s−1
-17.4 -16.5 11000 3:4 1014 8000 2 10−10
velocity of the ejecta to be u  0:3c, from equipar-
tition arguments), the optical depth in this frequency
band must have fallen to unity by this time. We thus
have: ( _M−5=uw1)  0:12. Since wind speeds of the or-
der of 580 km s−1 are expected, the upper limit of the
mass loss rate from early radio detection translates to:
_M = 6 10−5Myr−1.
Similarly, the X-ray detection by XMM-Newton, also
on day 5, allows a limit on the mass loss rate, which is
a measure of the column depth
∫
ndr rather than the∫
n2dr which appears in the radio (free-free) absorption.
The stellar wind would absorb the X-rays below 8 keV
due to the dominant photo-electric absorption of the met-
als. Chevalier and Fransson, 1994 give the time at which
optical depth of unity is reached for EkeV photons as:





The value of the constant C5(n) depends upon the den-
sity prole (n) of the ejecta (ej = 0(t=t0)−3(ut=r)n). For
n = 12, we have C5 = 2:3107 (closer to the adopted value
here of n = 10.2) and for n = 7, the value of C5 = 9:9106.
Chevalier and Fransson’s expression for opacity used in the
above expression is appropriate to the conditions in the in-
terstellar medium where the heavy elements are however
mostly neutral. In the energy range around 1 keV and be-
low, oxygen and carbon are important absorbers. Using
the detection of X-ray photons by XMM-Newton on day
5, with the lowest energy photons of 0.7 keV, the mass
loss parameter _M−5=vw1  6:5 10−2, which with a wind
velocity of 580 kms−1 translates to: _M  4  10−5M.
This upper limit would be less stringent if Oxygen in the
undisturbed circumstellar medium is heavily ionised, in
which case the X-ray absorption is reduced.
7. Radiative processes and the observed X-ray
emission
Since SN2002ap has been radio loud, the existence of rela-
tivistic electrons and magnetic elds can be inferred. The
high velocity in the ejecta also imply the presence of very
high temperature blast wave shock and reverse shocks.
With these electrons and the conditions prevalent between
the optical and radio photospheres one can invoke several
mechanisms to explain the observed X-ray emission and
spectrum. Among these are: a) direct synchrotron emis-
sion, b) free-free emission from the hot gas consisting of
swept up mass behind the blast wave (circumstellar) shock
and that behind the reverse shock, and c) inverse Comp-
ton scattering of optical photons emitted by the supernova
by the hot electrons.
The power law spectrum in frequency for
the radio flux observed from SN2002ap is:
F = 3mJy(3:2GHz=)0:9(t=day)−0:9 (unabsorbed
flux from Berger et al 2002b). If the same ambient
magnetic eld (B  Beq  0:2Gauss) implied by equipar-
tition arguments were to hold, to generate X-ray energies
(1 keV) by synchrotron mechanism, would imply the
presence of highly relativistic electrons (γ  1:4  106).
On day 5, a straight extrapolation of the radio spectrum
with the above flux would imply a flux of only 58
picoJansky at 1 keV. Since the 90% energy bandwidth
for a power law distribution of energy index -1.6 in the
XMM band is: 3.7 keV, this would imply an X-ray flux
of about 5 10−16ergs−1cm−2. This is far less than what
is observed by XMM. Thus a direct radio to X-ray syn-
chrotron radiation mechanism is unviable, or produces an
insignicant part of the observed spectrum. (The above
is actually an over estimate of the X-ray synchrotron
flux, as one would expect a steepened spectrum beyond
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1 eV (IR frequencies) at around 5 days, since episodally
accelerated electrons radiating more energetic radiation
would cool in the ambient magnetic eld faster than
adiabatic cooling).
The expanding envelope of the supernova due to high
inertia acts like piston on the wind and a strong shock
develops which gives rise to very hot circumstellar gas of
temperature:





while the reverse shock has a temperature: Trev =
Tcs=(n− 3)2. This shocked gas cools by free-free emission
and/or Compton cooling due to scattering of soft radiation
(optical band) from the photosphere by the hot electrons.
The free free emission is likely to be dominated by Comp-
ton cooling on considerations of cooling time scales and
eciencies at the gas and electron densities of interest
in the problem (Fransson, 1982, Chevalier et al., 2001 )
give the free-free luminosity from the circumstellar (blast-
wave) and reverse shocks from:







where for the reverse shock, Cn = (n−3)(n−4)2=4(n−2) =
7:875 for n=10 and Cn = 1 for the circumstellar shock. gff
is the Gaunt factor.
With _M = 3:36  10−5M and with a wind velocity
uw = 1000kms−1 (i.e. uw1 = 100), at t=5 days, the X-ray
flux at 7.3 Mpc would be: 8:2 10−15 erg cm−2 s−1. This
flux would have been near the observed flux that has been
detected from SN2002ap by XMM. However, with the re-
ported high ejecta velocities and the implied temperature
of the shocked ejecta and CSM along with the limited cool
absorbing shell at this early stage, one would expect a flat
tail of high energy photons up to about 100 keV. Since
the XMM spectrum on day 5 is not so hard (see Table
1 where the thermal bremsstrahlung temperature is quite
modest), the free free emission is likely to be an insignif-
icant part of the radiative budget. The dominant cooling
and radiative mechanism at early stages when the optical
photospheric temperature Teff  104K, is Compton cool-
ing. Optical photons from the photosphere can undergo
repeated scatterings o the hot electrons in the shocked
region (notably the shocked CSM) and a power law pho-
ton distribution (in energy) can result even if the electron
distribution is not a power law, and even if the electron
scattering depth e remains small. For nal photon en-
ergy E, (E  E0), E0 being the input photon energy,
the input spectrum is not important in determining the
nal photon spectrum. Pozdnyakov et al., 1977 reported
Monte Carlo calculations and their analytical approxima-
tions of the emergent Compton scattered spectrum. The
spectrum depends on the optical depth and the tempera-
ture of the electron plasma. The optical depth for photons








The flux density and the energy index γ originating from
Comptonization are (Fransson, 1982) :
FCompton  eFopt (o=)γergs−1cm−2Hz−1
with








Here, o is the peak frequency in the (optical) input
spectrum, and Fo the optical flux density. Ropt is the ra-
dius of photosphere. Rs is the position of the plasma ele-
ment.
We note that on day 5 the unabsorbed (or dereddened)
X-ray and optical flux densities derived from XMM and
ground based observations (sec 5) imply an optical to X-
ray power law of γ = 3 and a logarithm of the ratio of
flux densities of  7:4. Using the Monte Carlo spectra re-
ported by (Pozdnyakov et al., 1977), we determine the op-
tical depth and temperature conditions of the Comptoniz-
ing plasma (see Table 8). The analytic formula also give
similar parameters. Thus the observed flux by XMM can
be accounted for both in terms of energetics and spectrum
if the plasma is mildly relativistic. The optical depths
which are given in the table 8 represent the evolution sce-
narios mentioned in the next section. The plasma has the
maximum optical depth at twice the optical photosphere
radius. The latter was taken as 3:4 1014cm. Since most
of the X-ray emission would take place at  max, the
relevant plasma outflows with a velocity of approximately
16; 000 km s−1
Before concluding this section, we conrm the UV flux
reported by Pascual et al., 2002 on day 5. Our analysis
of the simultaneous (with X-ray) XMM OM data for the
UVW1 lter gave 7:668(0:002)10−15ergs=cm2=s=A for
SN2002ap (sec. 2.4). The magnitude in the UVW1 band is
14:240:006. We note that if we deredden this flux density
by the extinction implied by continuum absorption at the
central wavelength of 291 nm, namely A = 1:97AV (with
AV = 0:236), the dereddened flux density falls short of
both the power law spectrum of γ = 3 between optical and
X-ray as well as a blackbody spectrum of Teff = 11; 000K.
It is possible that the UV flux is aected by line absorption
in the ejecta or CSM. Relevant ions Mg and C with line
absorption in this band are expected to be abundant in
the surrounding matter.
8. Discussion and Conclusion
In this paper, we presented an analysis of the XMM image
of the SN2002ap eld and have obtained spectral model
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Table 8. Comptonizing Plasma Properties at t = 5d with γ = 3 and Ropt = 3:4 1014 cm
Scenario _M−5 uw1 e Te
10−5M 10 km/s
Wolf-Rayet 1.5 58 4 10−4 2 109
3 100 4:4 10−4 2 109
Interacting Binary 10 58 2:5 10−3 1:5 109
Case-BB 10 10 1:5 10−2 1:1 109
ts to the X-ray data. We compare the X-ray image with
the GMRT 610 MHz radio image obtained three days
apart. While we nd no radio counterpart of the SN at
such low frequencies, several sources in the eld have ra-
dio and X-ray counterparts.
We compare the radio data obtained from three dier-
ent supernovae in their early phases and model these us-
ing the synchrotron self absorption model. SN1998bw(Ic)
with a GRB counterpart had very dierent radiosphere
radius and equipartition angular sizes at approximately
the same time in their evolution compared to two other
SNe: SN2002ap(Ic) and SN1993J(IIb).
We model the X-ray data with inputs received from
optical photometry and light curve development and at-
tempt to distinguish between dierent possible X-ray ra-
diative mechanisms. We nd that the inverse Compton
scattering of optical photons from the supernova photo-
sphere by hot electron plasma at an intermediate radius
between the optical and radio photospheres can account
for the observed X-ray flux and the spectrum for modest
electron temperatures.
Optical depth of the overlying shock heated matter due
to electron scattering, which depends on the mass loss rate
and the stellar wind velocities of the progenitor stars, is
a key parameter in the production of the X-ray flux from
the lower energy photons. These in turn depend upon the
scenario and progenitor conguration giving rise to type
Ic SNe. The two possible candidates for the progenitors of
the type Ic SN are discussed below.
1. Massive Wolf-Rayet(WR) stars which have lost their
hydrogen and helium envelope before the explosion
can give rise to type Ic SNe (Langer et al., 1999 ).
WR stars are believed to have an empirically deter-
mined mass loss rate of 1:5 − 3:2  10−5M (after
taking into account eects due to clumpy medium,
Hamann et al., 1998, Willis,1998) and terminal wind
velocities of the order of 1000 km s−1 depending upon
the type of the WR star.
2. Interacting binaries - in particular, case BB. In this
scenario the helium star( 3M) can expand to red
giant dimensions following its core helium exhaustion
(Trimble et al., 1973 , Woosley et al., 1995) and can
initiate the second mass transfer by Roche-lobe over-
flow to a companion. The case BB mass transfer re-
moves most of the helium rich layers from the helium
star and gives rise to type Ic supernovae. In a typical
case BB evolution, Habets (1985, Ph.D. thesis) nds
that a 2.5 M helium star (which is a product of case
B mass transfer with initial component masses 13.5 +
6 M evolved conservatively from an initial orbital pe-
riod 2.58 day lls the Roche-lobe during carbon shell
burning stage when it expands to a red giant dimen-
sion of 18 R. The average mass transfer in this phase
lasting about 3000 years is 10−4Myr−1. During this
time, the terminal wind speed, which scales with the
stellar surface potential energy of the mass losing star
would be typically 100 km s−1.
In this connection we note the result of
Smartt et al., 2002 based on the non-detection of a
progenitor star in the archival images of the SN2002ap
eld in the Optical, IR bands. They rule out single
evolved progenitor stars with initial masses greater than
20M unless they are Wolf-Rayet stars. A progenitor of
initial mass  20 − 25M in an interacting binary which
was stripped o of its hydrogen and helium envelope via
mass transfer cannot be distinguished from single WR
scenario, and therefore are also still allowed.
Using the relevant parameters in the above two scenar-
ios, we derive electron optical depth encountered by the
intermediate energy photons as listed in the table 8. The
electrons that could produce the observed X-rays under
these circumstances are mildly relativistic. It is evident
that both ranges of electron optical depths overlying the
optical photosphere and Compton boosting the photons
to X-ray energies as seen by XMM would remain viable
alternatives. For the case of the interacting binary model
where the optical depths are somewhat larger, the implied
electron temperatures required for the plasma would be
lower than in the single star WR model. Such tempera-
tures are well within the range expected for hot circum-
stellar gas (Tcs  3:6109K) even for modest velocities of
16; 000− 20000 km s−1 for the hot electron plasma mov-
ing above the optical photosphere. We note that early (t
= 11 hr) X-ray spectroscopy of the GRB011211 by XMM
revealed emission lines of heavy elements characteristic of
supernovae at an outflow velocity of v = 25; 800  1200
km s−1. The the X-rays from SN2002ap originated much
closer to the optical photosphere as compared to its in-
ferred radiosphere and outflow velocities of the plasma
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are well near the range of what is observed in X-rays from
a GRB.
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Fig. 1. EPIC-PN spectrum and the tted power law model (see section 2.3) of SN2002ap. The model tted here consists of
an absorbed powerlaw of photon index = -2.6 with an additional constant absorbed power law component to account for the
Chandra object. log NH was xed at 20.68. The residuals are plotted in the lower panel.
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Fig. 2. GMRT image of the eld at 610 MHz containing SN2002ap overlayed on the X-Ray image from XMM. X-ray image is
on a grey scale while the radio image is the contour map with lowest level of 1.2 mJy. The image resolution is 1500  1500 . Four
X-ray sources having radio counterparts are seen in this gure and they are numbered according to their increasing declination
in table 4. Position of the SN on the map is marked with a cross.
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Fig. 3. Best t synchrotron self-absorption spectrum (solid line) for SN2002ap radio emission on day 8.96 with energy spectral
index = -0.8. Also shown is the free-free absorption model (dashed line) with parameters used taken from Berger et al., 2002.
The VLA data is marked with a \", while the GMRT upper limit at 610 MHz is marked by a \©".




Fig. 4. Comparison of spectrum of three SNe (SN1993J (van Dyk et al., 1994), SN1998bw (Kulkarni et al., 1998) and SN2002ap
(Berger et al., 2002) near day 11 after explosion. Solid lines show the best t synchrotron self absorption model and dashed
lines show the corresponding free free absorption model.

